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INTRODUCTION

The absorption of solar ultraviolet radiation by molecular

oxygen is of fundamental importance in the atmosphere because it

provides a mechanism for energy transfer in the atmosphere and,

because of photodissociation of the oxygen molecule, it supplies the

atomic oxygen that is crucial in the photochemical processes by which

ozone is produced. Calculation of the rate of production of atomicI! oxygen as a function of altitude in the atmosphere involves detailed

modelling of the complex photoabsorption process of molecular

oxygen. Such an absorption model is also needed for the

determination of molecular oxygen densities from absorption

measurements in the atmosphere, and for the interpretation of

measurements of airglow, aurora and other radiation that is observed

through the oxygen of the atmosphere.

This project has involved measurements in the wavelength

region from 140 nm to 200 nm. The features of the oxygen

photoabsorption spectrum in this region are the Schumann-Runge

dissociation continuum and the predissociated Schumann-Runge band

system. There have been numerous studies of this spectrum, but

advances in atmospheric sciences have demanded more detailed data.

The emphasis of the work reported here is on an improved

understanding of the fundamental absorption processes as a basis for

2, detailed modelling of atmospheric absorption of solar ultraviolet

radiation.

METHODS

Laboratory measurements of photoabsorption have been made

using the University of Adelaide 6.65 m vacuum ultraviolet

monochromator and a range of absorption cells with lengths varying



from 1 cm to I m. The temperature of the sample gas was varied over

the range 100K to 600K. In addition to the laboratory work,

theoretical calculations were made in which the Schroedinger equation

for a vibrating-rotating molecule was solved and quantities such as

-. the absorption cross-section, absorption-line oscillator strength and
.4

predissociation line width were computed. An important feature of

the work was the combination of laboratory masurement and

theoretical calculation to obtain new information about the

absorption processes.

RESULTS

The work may be divided into three parts : a study of the

*ID Schumann-Runge continuum region, a study of the Schumann-Runge bands,

and the modelling of atmospheric absorption processes. Detailed

accounts of the work are contained in the Appendix where copies of

published papers that resulted from the project are reproduced.

Schumann-Runge continuum

Measurements of the temperature dependence of the photo-

4. absorption cross-section between 140 nm and 175 nm were compared with

theoretical calculations and new data about the transition moment for

the Schumann-Runge transition and the upper state potential curve

were obtained. The details of this work are given in part A of the

Appendix.

The temperature dependence data were applied to a re-

analysis of atmospheric absorption masurements to extract the

atmospheric oxygen density profile. The effects of temperature

dependence in the analysis are described in part B of the Appendix.

At wavelengths larger than 175 nm a highly temperature

2
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dependence component of the Schumann-Runge continuum underlies the

band system. Measurements and calculations of this continuum are

given in part C of the Appendix.

Schumann-Runge bands

Oscillator strengths and predissociation line-widths for

absorption lines in the band system were measured using a curve-of-

growth method. The results are given in part D of the Appendix.

Atmospheric absorption

All of the data obtained during the project has contributed

to an improved model for calculation of photoabsorption by oxygen in

the atmosphere. An example of the application of that model is given

in part E of the Appendix to illustrate the accuracy with which the

model reproduces the details of the absorption spectrum.

CON CLUS ION

The work carried out during this project has produced new

laboratory data, and by combining them with theoretical calculations

of photo-absorption by molecular oxygen an improved model of the

absorption processes has been obtained. his model can be used to

compute dissociation rates for oxygen in the atmosphere and

atmospheric transmittance spectra that can be used in the analysis of

either high resolution or broad band observations of ultra-violet

radiation that is transmitted through the atmosphere.

i..
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TEMPERATURE DEPENDENCE IN THE
SCHUMANN-RUNGE PHOTOABSORPTION

CONTINUUM OF OXYGEN

S. T GitisoN. H. P. F. GIES, A. J. BL*KF. D. G. McCoN. and P. J. ROGERS

lcpArmeni of Ph)'icS.. Unirrit of Ade aide. Adclaide. &uih Autrab., fll. Australia

I Pr, ried 9 March 1993)

Abstracl-The photoahborption cross .ecliin in the Schumann-Runge continuum of oxs en has becn
measured with high precision o er the wavelength region 141-174 nm al tcmperatures in the range 29!-575 K,
Modcl for Ite upper slate potential and the electronic transition moment wcrc used in the calculation of the
cros% %ection and it. tcmperature dependence. B% Comparing this theoretical cross ,ection %,ith measured

values. curves for the upper state potential and the transition moment in the continuum region h:ase been
obtained independently for the irst time.

INTRODUCTION

The photoabsorption cross section for the Schumann-Runge system of molecular oxygen,
corresponding to the transition X'I, - WEB', has its maximum strength in the dissociation
continuum which extends from the limit of the band system at 175.05 to about 125 nm.
Atmospheric absorption of solar radiation in this wavelength region is important because it

'* provides the main source of oxygen atoms in the lower thermosphere and because measur-
ments of atmospheric photoabsorption in this wavelength region can be used to determine the
molecular oxygen density profile in the 100-200 km altitude iegion.

Measurements of the photoabsorplion cross section in the Schumann-Runge continuum at
room temperature have been made by many investigators."' Hudson" has made a critical
review of these measurements. Evans and Schexnayderl have made a theoretical investigation
of the temperature dependence of the cross section and presented measurements made at very
high temperatures which are mainly of astrophysical interest. Measurements of the cross
section al temperatures of 300, 600, and 900K have been reported by Hudson ci al." but these
were limited to wavelengths greater than 160 nm at 600K and 173 nm at 900K. Carver e al."

and Weeks"' have referred to the effects of temperature dependence on determinations of
atmospheric oxygen densities using pholoabsorption measurements in the Schumann-Runge
continuum. A re-analysis of atmospheric absorption data based on measurements of the
temperature dependence of the cross section (Lean and Blake") has shown that the derived
densities are smaller by as much as 20% than those obtained using the room temperature cross
section.

The purpose of this paper is to report new measurements of temperature dependence in the
Schumann-Runge continuum and to demonstrate that considerable insight into the shape of the
upper stale potential and the electronic moment for this transition can be obtained from a

careful analysis of the data. These are the first measurements to be reported that make such an
analysis possible.

EXPERIMENTAL MEASUREMENTS

Absorption measurements were made with gas samples at temperatures in the rance 295 to
575K. Measurements were made using a 3 cm absorption cell which was electrically heated to
temperatures up to 600 K. The cell was machined from an aluminium block and 'as fitted with
flanged lithium fluoride windows. Thermocouples were used to monitor the cell tcmperature and
to control a servo system which stabilised the cell at a constant temperature. This cell is
illustrated in Fig 1, where radiation baffling, swhich minimised radiation losses, has been

rinmilted. The gas pressure was maintained at a constant %alue b) a servo controlled needle

VSK1 A J-
,. ' d%
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Fig 1. Thecrcto CoflTll f the high Iemicrialurc ab'.orpticin cell. A radiationl shield which sufioufids the celli%, not shown.

valve using the output from a capacitance manometer. Measurements were made at a resolution
better than 0.01 nm using a 6.7 m monochromator equipped with a hydrogen discharge lamp.
The incident and transmitted beams were monitored simultaneously and the relative sensitivity
of the two detectors was checked before each run by evacuating the absorption cell. This

experimental arrangement has already been discussed.".
The measured %alues of the cross section as a function of temperature at wavelengths of 149

and 165 nm that are shown in Fig. 2 illustrate the temperature-dependent behaviour of the cross
section. It can be seen that both positive and negative temperature dependence occur at
different wavelengths. The temperature dependence was determined throughout the wavelength
range 140-174 nm by making measurements at temperatures of 300 and 575K. The measured
cross sections are listed in Table 1. and the temperature coefficient, defined as 100 (0!$71 -

r is shown in Fig. 3.
In determining the temperature dependence of the cross section, considerable care was

taken to ensure that the relative cross sections were measured with high accuracy. Thus, while
*the values shown in Table I may have systematic errors as large as 5% due to uncertainties in

the cell length and pressure-gauge calibration, the effect of the systematic errors is greatly
reduced when calculating the temperature dependence of the cross section. The random error is
typically 0.2%, arising mainly from photon-counting statistics and small wavelength drifts in the
monochromator. This high precision is needed to ensure that accurate values are obtained for
the change in the cross section with temperature. The statistical error was reduced to a small
value by counting for an adequate time, and the effects of wavelength drift were reduced by

making frequent checks of the wavelength using emission lines in the lamp spectrum as a
reference. Beer's law behaviour of the cross section was tested by making measurements at a
series of pressures and the cross sections listed are the result of many individual measurements.

THEORY

The source of the temperature dependence in the cross section and its relationship with
fundamental molecular parameters can be understood from a simplified argument in which the
rotational structure of the molecule is ignored. In this approximation, the absorption cross
section for molecules in the vibrational state u is"

O(A() = [Vl(3e.,hcgCA)] 11 , J(r)& r)'I'lr)drj 11)

where g' = (2- %.)(2S + I) is the statistical weight of the initial state, 4.. is the normalised
initial state vibrational %%avc function. oJ Is the normalised final state continuum wave function,
R, is the electronic transition moment, A is the wavelength of the absorbed radiation for the
transition to a final state of energy E, and r is the internuclear distance. The wavefunctions are

found by solving the Schrbdinger equation using the potential VD(r) for the corresponding

6
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Fig. 2. The temperature dependence of the cross section in the Schumann-Runge continuum at
wavekngths of (a) 165 I nm and (b) 149 9 nnm The points are from experimental measurements and the
curve was calculated using models for the motculta, potentials and transition moment. The positive

..- . coefficient evident at temperatures kit than W00K in both curves is a rotational effect

electronic state of the molecule. At temperature T, the total absorption cross section is'

"~j T, r" )aT(A,) = ,A e V (e C (2)

where G,- is the initial state vibrational excitation energy.
Neither the form of the upper state potential curve in the region above the dissociation limit

nor the form of the transition moment are well known Allison el al.'" have calculated curves

7
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T",ht I Ah,,, tm ro c, ,I im,n h in t e 'thum.inn-kunc tinlmnuorm for hentpi'.I t'tirc if 29 K and V K in unit% .
10 " rn The crror% qmmitcd .,rc %I. iI wit . ind tit) nmml I, 'I it

10 03 139.1il5 O .33 137.72*0.3

141 .04 141 .3}t..30 139..0 .38
142.02 131.5 .. 29 ,37.87 0.2,

1-3 .00 139 .67*0. 2 1362 8 1.32
,, ,.00 1'0.99*0.27 338 .03*0.50
.44 .98 138 .4.6&a .2 ! 135.27,0.57

146 .15 133' .19.0.22 1331.511,0.36
147 .07 130 .95,-0 .54 125 .77t.0.'7

2 0147.90 |28. :7 i.26 12b.3 0.-L2
14 .87 122 .I I 0 .38 120 J St 0 -2 3

150.00 1l.31,0.41 113 .10N0.27

I 1 .10 106.94*0 .22 106 37* 0 .30

, 152.0 100.17.0.22 99.370.26

153 .02 93 .97*0 .18 93 ., 8t 0 ..25

153.98 87.12,0.26 66.99*0.24

1,4 55 .10 78 .6"0 .17 76.57*0.30
116.06 71.32.0.13 71.6060.3'

157 .05 64 .3 30 .- 1 65 .30*0 .3'
158.03 57.67,0.32 58.82*0.15

158.95 51 .4.8 0.08 52.93-* .0 5
160.10 4.21t 0.07 45.890.07

161 .01 39.29*0.12 40 .S&O .07
162 .0 33-83.0.06 35.53.0.06
163.00 29 .22*0 .04 31 .070 .06

% 164.10 24.60 O.05 26 .1.0.0
165 .10 20.72,0.05 22 .74*0 .07
166.00 17.73-i0.0. 19.62*0.03

167 .02 1 A..7 4*0 .03 16 .57t0 .0

1 68.00 12.2 0.02 14.04.0.03

"69 .00 9 .93.0.02 11 .70.0.04
170.00 8.12.0.01 9.73.0.02

71 .00 6.50.0.03 7 .96*0.02

172 .00 5 .23.0.0 6.560.04
173 .00 4 .16."0.02 5 .370 .01
174.00 3.2s.0.0 j .3!.0.01

,%

m

for a,, r,, and 02 by making plausible assumptions about the potential and the transition moment
such that o was a good fit to ,he measured cross section at room temperature.

It is clear that measurement of the total cross section at a single temperature cannot yield
information "hich Aould enable independent determination of the upper state potential and
transition moment. Measurements of the temperature dependence of the cross section can be used
to provide this additional information in the following way.

For temperatures up to 600K, only the two lowest vibrational levels have a significant
population and Eq. (2) can be truncated to give

aT(A ) = (, + U1 e-C T)/(I + e-C" T). (3)

The cross section measurements at 300 and 600K listed in Table I can then be used to solve for
alues of co and r,.

It can be shovn from Eq. (3) that the temperature dependence of the cross section in this
temperature range depends mainly on the ratio r,1o'. Since the electronic transition moment R,
in Eq. (1) is expected to vary slowly with r, this ratio will depend only weakly on the form of
R, However, in general ',/c10 depends on the form of the upper state potential curve, and
calculation of the temperature dependence of the cross section at any %kaselength in the
continuum is most sensitive to the position of the potential curve at an energy near the energy

of the final state. A comparison of calculations made, using Eqs (1) and (2), with measurements
of the temperature dependence as a function of %,aselength would allov' assumptions about the
form of the poiental curie to be tested The assumed form for the electronic tran,.tion moment

. can be testied b) comparing the measured and calcul.aed curses for lhr tnr,% cro.s secions at a
particular temperature. In this Asay. meastjrrmenl, of the cross ,ecion And iv temperature
dependence in the continuum alloA otherwss e inaccessibe inform i!, 'rr .,jt the poterrta'
zurse and the irar.sioion moment to he toh:ained
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structure of the molecule has been ignored

The preceding discussion was simplified by ignoring the rotational structure of the molecule
which, in fact, has a very significant effect on the calculation of the cross section through the
centrigugal term, which must be added to the molecular potential, and through restructuring of
the Boltzmann factors for the initial state population. For a molecule in a state with rotational
quantum number N, the potential is'

V(r) = Vo(r) + N(N + I)h/2juR' ,  (4)

where VO is the potential for no rotation and A is the reduced mass of the molecule. The
vibrational wavefunction must be calculated for each rotational state, and Eq. (I) is replaced by

aUN-V.(A) = i/3oc') tNrR()NS)dr. (5)

If N' is the initial state rotational quantum number, then transitions will occur to states in
which the dissociating molecule has quantum numbers N'= N'± I, the two values of N'
corresponding to slightly different final state potentials. An excellent approximation is obtained
by assuming that N' = N' for all transitions and then the total cross section is given by

F... (N+ )I-4 .F.4/&11Ta_4 i/- +11N'' (6)

where FM-,. and G,. are the initial state rotational and vibrational excitation energies, respec-
tively, and VN-,- is the cross section given by Eq. (5) with N'= N1.

The possibility that states other than Bs1, contribute to the absorption continuum in this
region has been considered by several authbrs. Cartwright ef at." on the basis of electron
energy-loss spectra, suggested that absorption to 'n. and II, states is significant near 143 and
166 nm, respectively. Measurements of the quantum yield for 0('D) production by photoab-
sorption' % show no evidence of '11 continua in this region and calculations of the 'in. continuum7 '
indicate that the cross section is negligible for wavelengths longer than 140 nm. In this work, it has
been assumed that absorption to ir states is insignificant, and Eq. (6) was used to calculate the
temperature dependent cross section.

II
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CAV C UI.ATIONS

Numerical solution, in the Schr6dinger equation for the vibrational wavefunction were
obtained using the Numerov integration method. '' The potentials for no rotation were devised
in the following way. For the ground state, an RKR potential was calculated using the
spectroscopic constants of Creek and Nicholls." Following the method of Jarmain. " the
potential for the upper state was composed of three parts: for the lower part an RKR potential
was calculated, and for the remaining repulsive and attractive parts. Morse potentials were
used. Thus, the upper state potential in the energy region of the continuum was represented by
a Morse potentialt the parameters of which were adjusted during the procedure to optimise the
agreement between the calculated and measured quantities.

The procedure adopted in optimising the models for the upper state potential and the
transition moment in the continuum was as follows. Initial calculations were made with Eq. (5).
using an approximate model for the transition moment. The upper state potential curve was
adjusted until the agreement between the measured and the calculated temperature dependence
of the cross section was optimised. Then the transition moment was adjusted until agreement
between the measured and calculated cross section at a particular temperature was optimised.
Calculations made using widely different forms for the transition moment for given potential
curves were found to produce very similar results for the temperature dependences of the cross
section, but these results were very sensitive to changes in the potential curve used for the
upper state. For this reason, determination of the upper state potential from the measured
temperature dependence is possible. Because the new transition moment gave a calculated
temperature dependence only slightly different from the previous result, repetition of the
procedure yielded self-consistent. results for the potential and transition moment in one or two
cycles.

The results of these calculations are contained in Fig. 3. where the measured and calculated
temperature dependence for the temperature interval 300-575K are shown. The solid curve in
Fig. 4 is the final transition moment and some points on the potential that was used are listed in
Table 2.

IThe actual potential used in the calculations included a plateau due to non-crossing of potential curves "  Its effects
on the lemperature dependence of the cross-section in the aavelength region considered in the present paper are small
The shorter %a% elenrth region will be discussed in a future paper.
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Tj.abk Soim point, on ih. rcipuImy" pru th Ihe piienilta U,:rc for Ihe Bt-. s,1i1I of 0. , ih no riluhon tha
etc i ed in ihc t';hul41ion, The po iaCflik aic riven re isvc 141 i ." %idul at th equilibrissm ,cparitl re

rA V (r) - V (r.). *v

1.0 0 3A82
1.100 3.17)
1 .150 2 .9) 4
1.171 2.90)
1 8.15 2.902
1.190 2.892

1 .19) .$
1 .200 2 .6S
1.225 2.238

%1. 250 1 .85 0
I .300 1 .2)2

1.350 0.77
1.4-00 0AS$

DISCUSSION

Ab initio calculations of the transition moment have been made by Buenker e fI,
Yoshimine et aI.. ' and Julienne et al. " however, the only previously reported determinations
with which these results can be compared are those derived from oscillator-strength measure-
ments in the band system. The transition moment is related to the band oscillator strength f,.,.
by9

f,.,.= [87n, cl(3he~g'A)] ),b,.R,(r)q,. drl. (10)

Approximate values for the transition moment can be obtained from experimental measure-
ments of band oscillator strengths through the r-centroid approximation." The points shown in
Fig. 4 were obtained from measurements of oscillator strengths in the Schumann-Runge bands
and Franck-Condon factors that were computed using the potential curves adopted in this
work. The possibilhy that a significant error may have been introduced through the use of the
r-centroid approximation was checked by making a calculation for the (v'-0) bands using Eq.
(10) with an extended model for the transition moment it was found that the error introduced by
the r-centroid approximation is very small (<2%). The reason for the accuracy of the r-centroid
approximation in this case is that the integrand in Eq. (10) corresponds to the overlapping
exponential tails of the vibrational wavefunctions and has a significant value over only a small
range of r. In other cases, the criterion rr - I was used as an indication that the error in the
r-centroid approximation was small." The scatter in the points shown in Fig. 4 is therefore a
result of experimental error.

The effects of rotation on the calculation of the cross section are of two kinds. One is due to
the rotational dependence of os-,-, and this leads to temperature effects in the cross section
which are significant compared to the measured temperature dependence. The variation of the
curves for N.0 with rotational number have been discussed previously.,3 This effect means that
calculations such as those of Allison et al.," which omit rotation, are inadequate for analysis of the
temperature dependence of the Absorption cross sectiou. This is made clear by the curve in Fig. 3,
which shows the result of calculating the temperature dependence of the cross section without
including the rotational structure of the molecule.

The other effect is a redistribution of the population among vibrational states compared to
that calculated in the absence of rotation. This is a very small effect because there is very little
variation of the rotational constant with t', so that

'. ~~(2N'+le - F ' 4 T

which appears in Eq. (6) is. to a good approximation, independent of r*.
Calculations of the total cross section as a function of temperature can be made at any

" ' II
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avelcngth in the range 140-175nm using Eq (6) %ith the polcntlial of Tablc 2 :rId lhe
tranition moment shown in Fig. 4. Examples of thi% calculation for wavelength, ol 149 ind
165 nm are ,hown in Fig. 2. The positive temperamure cocfficient evident at tcmpcratures less
than 3(t"K in both curves is a purely rotational effect. At highcr temperatures, the vibrational
effects become dominant.

Initial calculations of the temperature dependence of the cross section indicated that the
interface between the repulsive part of the Morse potential and the bound part of the RKR
potential should be made at the energy of the V'= 14 state. Any discontinuity in slope was
removed by smoothing and the outer part of the curve recalculated by a modified RKR method.
The resulting potential has bound state cigenvalues that agree with spectroscopic measurements
to within I cm-' Oplimisation of the parameters of the Morse extension led to the curve for the
calculated temperature dependence of the cross section that is shown in Fig. 3 and the solid
part of the curve for the transition moment shown in Fig. 4 for r < 1.3 A. It can be seen that

* there is a small discrepancy between the calculated and experimental temperature coefficients
V in the region from 168 to 174 nm.

This discrepancy could be eliminated by using a non-Morse extension to the potential. The
result was a potential curve for which the second derivative was not monotonic. Furthermore,
the Franck-Condon densities calculated with this potential had structure that led to compensat-
ing structure in the transition moment to give the smoothly varying total cross section.

If it is assumed that the transition moment varies slowly without such structure, then the
%- smooth form of the total cross section must indicate that both the transition moment and the

Franck-Condon density are without structure, and the second derivative of the potential should
be monotonic. With this constraint on the form of the potential, the optimum Morse extension
to the potential produced a better result than any other form investigated and it was concluded
that the curves shown in Figs. 3 and 4 represent the best interpretation of the data. The small
discrepancies in Fig. 3 may be due to an unrecognised systematic error in the measur-ments.

The calculation of the cross section at any wavelength is sensitive to the transition moment
over a small range of internuclear separation. For the wavelength interval 140-175 nm, the

"-' overlap of initial and final state wavefunctions lies mainly in the range of internuclear
separation from 1.l1 to 1.3 A, corresponding to the solid part of the model for the transition
moment shown in Fig. 4. Because there is some overlap outside this range, the model was
extended to 1.1 A in the calculations, but the comparison between measured and calculated
cross sections for wavelengths greater than 140nm is not very sensitive to this part of the
curve.

The transition moment determined from the continuum measurements is consistent with the
salues for internuclear separation close to 1.33 A obtained from measurements of the (V-O)

brand oscillator strengths. The points shown were obtained from the data of Gies et at." The
model transition .moment was extended to 1.7 A by reference to measurements of the oscillator

strengths for bands corresponding to L'"=e 0. These measurements were made at high effective
temperatures using a shock tube, and there is considerable scatter in the results. The line
shown in Fig. 4 was drawn by giving greatest weight to the measurements of Krindach c al."

The ob initio calculations Buenker el al.,2" Yoshimine el al.," and Julienne et al.," are in good
agreement with the model for inter-nuclear distances greafer than 1.3 A. The curve adopted by
Kuz'menko el al." on the basis of band-strength measurements is also shown in Fig. 4.

The small increase in the temperature coefficient of the cross-section that is apparent in Fig.
3 at A avelengths close to 140 nm is continued in data obtained at shorter wavelengths. It is
necessary to introduce a plateau in the potential to reproduce this feature in the calculated
temperature coefficient. A decrease in the derived transition moment for internuclear separa-
tions less than 1.22 A follows from this form of the potential. This is consistent with ab initio
calcu!awions of Buerker e, ,,." and Yoshimine el al. The decrease corresponds in the ab inirio
calculations to a change in character of the upper state from valence to R)dberg type because
of an avoided potential crossing. The calculations of Julienne et at." which included only the
%alence state, do not show this feature.

In conclusion, Ae hase shown that accurate measurements of continuum photoabsorption
cross sections at two midely separated temperatures provided adequate information to yield

" . -unambiguous values for the continuum part of the upper state potcntial and the dipole moment
for 1he iransition.
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THE EFFECT OF TEMPERATURE ON THERMOSPHERIC MOLECULAR OXYGEN

ABSORPTION IN THE SCHUMAJN-RUNGE CONTINUUM

J. L. Lean and A. J. Blake

Department of Physics. University of Adelaide

ADELAIDE, AUSTRALIA 5001

Abstract. Previous determinations of molecular Temperature Dependence of Molecular Oxygen

oxygen number densities in the lower thermosphere Absorption in the Schumann-Runge Continuum

by ultraviolet extinction in the Schumann-Runge

continuum heve used absorption cross sections The Schumann-Runge continuum corresponds to

measured at room temperature. Recent laboratory transitions from discrete vibrational levels of

=essureents of the temperature dependence of the the leZ state of 02 to the energy region
molecular ox'gen absorption cross section in this above the dissociation limit of the B' - state.

1 wavelength region allow a reassessment of the u

% previous atmospheric data. The new cross sections At room temperature, absorption is mainly from
have been used to reanalyze data from a spectro- the lowest vibrational level of the ground state

meter flown on an Aerobee rocket from Woomera, v" - 0, but at higher temperatures, transitions

Australia. The densities obtained are smaller by from excited vibration states must be considered.

as much as 20% than those obtained from the This can be done, as sugg.:sted by Allison et al.,

k. previous analysis, in better agreement with the (1971). by weighting the cross section O, for
.) results of broad band ion chambers flown at the ac-7sm tm ht eereaiey nesiiet absorption by molecules in each vibration state
1same tie that vets relatively insensitive to v" according to its population, so that at

te.serature. temperature T and wavelength , the

absorption cross section can be expressed

Introduction analytically as

The Schumann-Runge absorption continuum of Z v,,Ov,,(A) exp( - Cv.,hc/kT )
molecular oxygen extends over the wavelength o(T,) - v,exp( - G vhc ()

region 140 to 175 rm. Solar radiation at these v e

wavelengths is absorbed by the atmosphere between where G ,, is the vibrational term value

altitudes of 100 and 150 km, and this is the

primary source of 02 photodissociation in the (lerzberg, 19501. Using the first two terms of

lower therncsphere. Absorption spectroscopy the sunmstion in (1), the Schumann-Runge

techniques for O density determination are continuum cross section is

particularly appropriate for solar radiation of

these wavelengths, since here the absorption cross Oa(A) + o1 () exp( - 2239.29/T )
section of 02 is large and the radiation is o(T,I) - 1 + exp( - 2239.29/T

primarily absorbed by 02.
In the study of atmospheric photochemistry The value of Oo(X) is given to a good

[Roble and Dickinson, 1973; Breig, 1973; Oran approximation by the experimental cross section at

and Stro~el, 1976; ?ivr and Harris, 1977], as room temperature, and this has been measured by

well as for application of absorption as a tool Watanabe et aL, (1953), Blake et aL, (1966],

for quantitative composition analysis (Ackerman et Hudson et al., [1966]. and most recently at the

al., 197.], it is necessary to know in detail how University of Adelaide, with a 6-m monochrorator

~' 2 the solar flux is absorbed by thercospheric [Blake et al.,1980]. These results are compared
ox-ygen. This involves the accurate determination in Figure I and an average cross section is also

,f 02 absorption cross sections in the indicated.
laboratory under conditions representative of the Measurements of O(T,)) for temperatures in

atmospheric region where the absorption occurs, the range 300K to 600K have been made by Hudson

In particular, In the region from 100 to 150 km, et al.,11966] and the University of Adelaide.

the thermospheric temperature may vary over the Both sets of results are plotted in Figure 2, and

. range 203K to 600K. and this influences the 02 for comparison, selected average room temperature

absorption. cross sections from Figure 1 have been included.

Although the temperature dependence of Values of OI(X) were obtained from the

molecular ox-gen absorption in the Schumann-Runge University of Adelaide measurements at 570K by

continuu, has been calculated theoretically using (2) with the average room temperature cross
(Evans and Schexnayder, 1961; Jarrain and sections for c,( ) and the Cl()) derived In

Sicolls, 1964,; Allison et al.,1971; Julienne this way. The results for selected wavelengths

et al.,iq76] there have been only rwo previous are given in Figure 3.
experi.ertal measurenents [Evans and Schexnavder,

1061; Fidson et al. .1966], and the results are Rocket 'Iea-ure~ent of Atcorption in the
not well ferrulated for use In aerononic Schuzann Runge Ccntinuum
calculations.

Solar flux in the .a-elength region of the

Cc;yrlgsht 1951 by the Arcrican Ve 'hysical Union. Schunann-Runge continu %.as r.eacured at different

rater r. = er F0A1133.
C145-022 'l,/0 0-l1133'0ll .0) 1 Tri U.S rovennet is auth Orized to eDroduCo I'd "II this report

Pormi$$iOn for furtne ,.production by others must Di Otained from

the COpyright Owner,
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Fig. 1. Room temperature measurements of the
absorption cross section of molecular oxygen. O, ,,

113 165 167 169 171 173 175

WAVELENGTH NM

altitudes with a scanning im Ebert Fastie Fig. 2. Measurements of the temperature

spectrometer, flown on an Aerobee vehicle at a dependence of the molecular oxygen absorption

time when the solar zenith was 85 as part of a cross section.
composite payload for investigating the early
morning ionosphere. Initial analysis of the

absorption profiles for 02 density derivation

incorporated the room temperature cross section

measurements of Blake [Blake et al.,1966J and has 725

been reported previously [libbo at al.,1978). The

data has been reanalyzed with the average room

temperature cross section and by using the 20

temperature dependent absorption cross section, in 155

order to quantify the importance of the

temperature dependence on density determination 175

using Schumann-Runge continuum wavelengths.

Monochromatic absorption profiles from ten
narrow wavelength intervals between 165 and 175 na

were used to calculate 02 densities according to -

I dl
X- O) F(h) I(X, h) - ( " h)

where F(h) is the optical depth factor [Weeks and 10

Smith, 19681, O(A) is the absorption cross

-. section and 1(A h) is the detector signal 1700,
arising from solar radiation at wavelength I that

has penetrated to height h.

The most accurate densities derive from that part

of each absorption curve in the region about the o5

altitude at which the rate of attenuation is a

maxim m, and this is different for each wavelength. Ott

At height h an average oxygen density was

calculated by weighting the individual densities 02 _o _ o0 ,00 __ *__

according to (dl(A. h)/dh).' and the mean

weighted sample standard deviation was used to tEPERATUK - .

estimate the uncertainty in this average value. Fig. 3. Semi-empirical model of the tenperature

To incorporate temperature dependent dependence of the molecular oxygen absorption

absorption cross sections in the data analysis, It cross section.
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to necessary to assume a temperature profile for
the lower thermosphere. Jacchis's [Jacchia, 1977) .......
thermospheric model was evaluated for the ,. '., .

temperature profile at the time of the Aerobes .... .

laumch. This temperature profile is compared ',,,' -
(Figure 4) with that of the U.S. Standard . ,
Atmosphere. (1976) for more typical thermospheric
conditions.

Molecular Oxygen Densities

Oxygen densities were extracted from the
absorption curves by using the average room 

.

temperature cross sections of Figure 1. and also
the temperature dependent cross sections calculated S

by using temperature profiles (a) and (b) of Figure
4 in (2). These results are shown in Figure 5.
together with the measurement made by the ion 3.

chambers and the oxygen densities derived from
Jacchia's thermospheric composition model.

In general, inclusion of the temperature
,. dependence of the cross section leads to smaller%' n,-merical values for the oxygen densities. At

125 km the thermosphere is approximately at room
tem-perature, and it Is above this altitude that the I
temperature dependence is observed to become

important. By 145 km the temperature, according to
profile (b), is 536K and the room temperature cross
sections yield densities which are 112 higher than 130 us 1&o 0 I s o ISO 1 o
those derived from temperature dependent cross ALTTUDE xI
sections. At 165 km the densities are overestimated M luar o nm

*.' - by 231 if the temperature effect is not included. Fig. 5. Molecular oxygen number densities.
The importance of using the temperature

dependent absorption cross sections in these
*.calculations is substantiated by an observed is included. This implies that the densitiesdecrease in the weighted mean standard deviation of predicted individually by each of the ten

tdenaseite o t ed b n usinaorp tion of absorption curves are now in better agreement with
tsyp each other because the temperature dependence ofdifferent wavelengths when the temperature effect the cross section varies with wavelength.

It can be seen from Figure S that the oxygen

densities obtained from the absorption data are
• -" sensitive to the differences between the

.,. -- temperature profiles shown in Figure 4. At an%" Got. . altitude of 145 ka the temperature from profile,(s)

: gives densities which are 52 less than that
% - obtailned using profile (b), while at 165 km the

a diferncehas ncrase to112. The Aerobee v~so
/ launched during a period of low solar activity

zS / (Flo.? - 82 x 10-'"m7Hz, K 1-)

at a time (0636 hours local time) when the diurnal
variation of the thermospheric temperature was
near its minimum. These conditions are reflected

. 0 -. in the lower temperatures of profile (b) compared
-with profile (a), which represents more typical

I conditions.
. ,In Figure 5, the 02 densities derived from the

___ US Stndord temperature dependent analysis are compared with
Atmosphere 11976) the average measurements of two tyves of broad-

band ion chambers (QT : 156-165 nm, SX : 142.5-
,, --- Jaccho (1977) 149 fn) flown on the Aerobes. Investigation of the

-- temperature effect on the QT results indicated 32
decrease in the density at 145 kIm (Davis, private

- communication, 1980). Since the temperature
coefficient for the cross section at the SX chamber
wavelengths is small and negative (Blake et al.,

,X 0 in Il 0 ,1 1W 1980), the average density sho,.n in Figure 5 is
stIlTu t K. relatively insensitive to temperature. At 145 klm

Fig. 4. Temperature profiles for the lower the UV spectrometer results are 132 higher thhn
thermosphere. the Ion chamber densities. Since the associated

-- -
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uncertainty for the spectrometer results at this investigation of the effect of high

altitude is 1 15X, when the error of the ion temperature on the Schumann-Runge ultraviolet

chamber results is applied the results from these absorption continuum of oxygen, NASA Tech.

two independent techniques indicate substantial Rep. R-92, 1961.
agreedrent. However, this cannot be said of the Herzberg, C. Spectra of Diatomic Molecules,
densities derived by using room temperature cross Van Nostrand Reinhold, Nev York, 1950.

sections, since at 145 km they are 29% higher Hudson, R.D., V.L. Carter, and J.A. Stein,

than the ion chamber results. An investigation of the effect of

It must be concluded that the temperature temperature on the Schwaann-Runge
dependence of the molecular oxygen absorption absorption continuum of oxygen, 1580-1950A,

cross section in the Schumann-Runge continuum J. Geophys. Res., 71, 2295, 1966.
should not be neglected in evaluation of Jacchia, L.G.,Thermospheric temperature, density

atmospheric absorption and that it is important to and composition: New models, Spec. Rep. 375.
choose the most appropriate temperature profile. Smithson Astrophys. Observ., Cambridge, Mass.,

1977.
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THE SCHUHANN-RUNGE CONTINUUM OF OXYGEN AT WAVELENGTHS GREATER THAN 175 NH

H. P. F. Gies, S. T. Gibson, A. J. Blake and D. G. McCoy
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South Australia 5001, Australia

Abstract. A highly temperature dependent calculations provide a suitable model for use In

continuum corresponding to absorption by atmospheric absorption studies.
thermally excited molecules underlies the higher

bands of the Schumann-Runge system of oxygen. Experimental Measurements

This continuum has been experimentally determined
at 18 wavelengths in the range 175 nm to 179 nm, At wavelengths greater than the limit of the

and at temperatures of 90"K and 294"K. band system the continuum cross-section cannot be
Calculations of the continuum cross-section made measured directly because the wings of the

by solving the Schr~dinger equation for the predissociated lines overlap. However, there are
molecular potentials provide good agreement with some absorption minima where the contribution
the measured values. The continuum cross-oection from absorption lines is relatively small and the
has been calculated at a range of temperatures continuum cross-section can be deLermined by
for use In studies of the atmospheric absorption measuring the total cross-section at the

of solar radiation. wavelength of the absorption minimum and
subtracting the contribution from the

4 Introduction neighbouring absorption lines. In this work that

contribution was calculated by using measured
For oxygen molecules with rotational or values for the oscillator strengths and

vibrational excitation the threshold for predissociation widths for the absorption lines.
absorption in the Schumann-Runge continuum is at Measurements of total absorption were made in
a greater wavelength than the limit of the band the region of 18 absorption minima in the

system at 175 rm. The strength of the continuum wavelength region 175 na to 179 no. A scan
that underlies the higher bands depends on the through each minimum was made by using a 6.7-m

population of these excited states in the monochromator at a resolution of 0.006 nm and a
absorbing gas and is therefore highly temperature 1-cm absorption cell that could be cooled with
dependent. Because absorption of solar radiation cryogenic liquids. Details of the apparatus and
in the region of the Schumann-Runge bands Is an the experimental method have been described
important source of oxygen atoms In the previously (Gies et al.. 1981]. Absorption

a atmosphere, there Is a need to model accurately measurements were made at temperatures of 90"K
% the absorption process. For temperatures that and 294*K.

occur in the lower thermosphere, this continuum The band system contribution to the cross-
makes a significant contribution to the section at each wavelength was calculated by
absorption cross-section in the region of bands computing the Voigt profile for each absorption
higher than (15-0) [Blake, 1979) and should be line with center within 100 cm

1 
of the

taken into account when calculating the absorption minimum. Oscillator strengths and
atmospheric trans=ission. predissoclation widths for the lines were

Measurements of the continuum cross-section in obtained from measurements that have been

this region have been reported by Hudson et al. reported separately [Gies et al., 1981). The
(19661 and Hudson and Kahle (19721. Models of computed transmission spectrum in the region of
the continu,- for use in the calculation of the absorption minimum was convoluted with the
atmospherlc transm.ssion have been proposed by instrtmental profile, and comparison of this
Hudson and Kahle (19721 and Blake 11979]. In the computed absorption profile with the measured
present paper values of the Schumann-Runge profile enabled the continuum cross-section to be
continuum cross-section are obtained from determined. Table I shows the calculated band
measurements of the total cross-section at system contribution to the cross-section at the
absorption minima. The continuum cross-section wavelengths of the absorption minima, and the
Is also obtained by making detailed calculations continuum values obtained by subtracting these
of the continuu transition strength. These from the measured total cross-section. The

continuum cross-section values are shown in
Figure 1.

N low at Australian Radiation Laboratory, The errors quoted for values of the continuum
Yalla=zle, V1ctoris 3085, Australia. cross-section were obtained by combining the

experimental error In determining the total
Copyright 1962 by the American Geophysical Union. absorption cross-section with the error in

calculating the contribution from absorption

Paper number 2A0936. lines. Total cross-sections were measured with
O'E-027/821002A-0936SO20o an error of about 3% arising from factors such as
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Table 1. Calculated Cross-Section for the Band System and derived
Continuum Cross-Section at Temperatures of 90"K and 294'K.

T - 90"K T - 294'K

Wavelength Bands Continuum Bands Continuum

175.48 6.5 23.0 * 1.9 3.6 113.5 * 2.1

175.55 - 3.8 119.3 * 8.0

175.63 9.8 34.2 * 0.9 4.9 111.5 * 4.6

175.71 7.4 18.4 * 5.6 5.1 76.6 * 2.1-,.

175.83 4.5 14.2 * 1.1 6.3 55.7 * 2.4

175.96 29.9 6.0 * 2.6 15.6 39.6 ± 2.6

176.05 8.6 1.3 * 1.7 7.2 46.8 * 2.2

176.16 2.3 7.5 ± 1.2 2.8 36.1 ± 1.4

176.23 4.8 6.8 ± 1.1 7.7 37.1 * 1.4

176.27 2.6 1.5 ± 2.4 3.7 37.4 ± 1.4

176.53 - - 11.7 27.8 ± 1.4

176.56 - - 7.3 27.5 ± 2.4

176.61 4.6 5.1 ± 1.8 6.1 30.2 ± 3.5

176.80 - - 2.6 17.7 ± 1.3

177.02 4.3 5.0 * 1.9 10.9 25.5 ± 3.3

178.92 - - 0.9 3.7 ± 1.2

178.95 - 1.0 3.8 ± 2.0

179.02 - 0.7 3.8 ± 1.2

All values are in units of 10-21 cm
2 .

gas pressure, gas temperature, cell length and where g" - (2-6oA-) (2S+1) is the statistical
beau intensity. Errors in computing the line weight of the initial state, TN-v - and YN-X are
wings arise from uncertainty in the values of the the normalized Initial and final state
line position, line strength, and predissociation vibrational wave functions for the rotating
width for those lines that sake a sigrificant molecule, Re is the electronic transition moment,
contribution, and r is the internuclear distance.

Calculation of Continuum Cross-Sections Vibrational wavefunctions were found by
solving the Schr5dinger equation by using the

An expression for the continuum absorption potential for a rotating molecule given by
cross-section for molcules in a particular [lerzberg. 19501
vibrational level has been given b7 Jarmai and
Nicholls 11964). With the inclusion of rotation, V(r) - V (r) + N- (Nk+l) 12 /2ir2  (2)
the equation for the absorption cross-section of
oxygen molecules initially In a State where Vo is the potential for no rotation and u
characterised by the rotational quantum number N- is the reduced mass of the molecule.
and vibrational quantum number v- becomes In making calculations of ON- v - , the

potential VO for the X31g and B31u states of
a N.v.(X),v/(3cOCX-A)j oxygen and the transition were those deterrined

in a study of the Schumann-Runge continuum at
- wavelengths less then 174 nm (S.T. Gibson et al.
J ? .r) Re(r) V.(r)dr 12 (1) unpublished manuscript, 1982). These curves
0 o reproduce the Schumann-Runge continuum cross-

1"9
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with the values obtained from measurement. The
model was used to calculate the cross-section for
a range of temperatures between 100K and
600K. These curves are shown in Figure 3.

2-, 
Discussion

The model cross-section is a detailed one, a-d2 9 K comparison vith measurements provides a test of90 K "the method used in the calculation and the
molecular parameters on which it is based.
Thresholds corresponding to each Initial state
from which significant absorptions occurs can be

L.M seen in the curves of Figures I and 3. For lasgeN" these thresholds occur at slightly shurter

1. 5 r6 wavelengths than the values given by the
W.AVELEN5TH r dissociation limit for the B31g state because ofthe effect of the centrifugal barrier in the

Fig. 1. Schumann-Runge continuum cross-section. potential for a rotating molecule. At some
Values derived from experimental thresholds the calculations indicate resonance
measurements: 294K,(solid circles), and 90K effects in the cross-section due to the potential
(open circles). The solid lines are the model barrier. but it is unlikely that these effects
cross-section at temperatures of 90K and 294K. could be observed, and they are not shown in the1% figures. The threshold cross-section is also

,w' 
seen to decrease with increasing fr. This is" section and its temperature dependence at because the intergrand of (1) corresponds to the

wavelengths in the range 140 nm to 175 nm. Some overlap of decaying 'tails' of vibrational
exa~ples of oN-v-() for v-O, shown in Figure wavefunctions, and the effect of the rotational
2, illustrate the change in the form of these term in (2) is to modify the potentials so that
curves with N". this overlap is reduced. It is partly for this

The total continuum cross-section at any reason that the present cross-section departs
wavelength A and te=perature T was computed by from the exponential fors assumed by Hudson and
su=-Ing over all initial states that contribute Mahle 11972).
to the continuum, weighting each cross-section by Figure 1 shows that the computed cross-section
the population of the initial state in the is in general agreement with the values deduced

_ absorbing gas using the equation from measurements, although the number of
measurements is not enough to demonstrate the
step-like structure. In some cases there are

I I (2N+l) oN . .(A) exp(-E N ..v/kT) significant discrepancies between the model and
v'O N- , e points derived from experimental data. These

o(i) T discrepancies arise from an error in the2 calculated contribution of absorptions lines to

E I (2N-+l) exp[-EN..v./ktJ the neasured total cross-section when weak lines
-0 N" that are perturbed or unaccounted for occur near

the absorption minimum being measured [Gies et
(3) al., 1981]. It should be expected that these

w.ere EN- discrepancies would be =ost significant at low
' '- is the energy of the initial state temperatures, probably eccounting for the pointsr f of the molecule and N" is su.nmed over all values at 9O0K being consistently higher than the model

that give a threshold for continuous absorption

at a wavelength greater than A . Cross-sections
corresponding to teperatures of 90K and 294*K(
are shown in Figure 1 where they can be compared

%

50

_i i g . M o d e l ... .-..- - . ..cr o s s - s e c t i o n s f o r
Its tez,eratures between 100*k and 600*1. Als s ah own

U*~L!%' ~are cwaaurements of Huds.,n et al. (600'K (solid
''Fig. 2. Calculated Schurmsnn-Runge continuum circles), and 300*K (oren circles)); and points

cross-seczlons for noleciles in the initial states from the model of Pudsc7: and ".ahle (300*K (open
wIt v-

3 and N-. 13, 25 And 51. squares) 200K* (solid ~~rs)

0~ 20
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cross-section. Measurements at many absorption The Editor thanks H. Ackerman and another

minima were discarded because of this difficulty. referee for their assistance In evaluating this
Results of measurements made at temperatures paper.

300"K and 600"K by Hudson et al. [1966] are shown REFERENCES
in Figure 3. No allowance was made In their Blake, A. J. , An atmospheric absorption model
measurements for the overlapping wings of for the Schumann-Runge bands of oxygen, J.

absorption lines. Also shown are some points Geophys. Res., 84, 3272, 1979.
from the model of Hudson and Mahle [1972). There Feehick Re.,., 37 1.
are significant discrepancies inFrederick, . ., and . D. Hudson, Dissociationof molecular oxygen in the Schtmann-Runge
mode' of Hudson and Mahle Is not directly relate4 bands. J. Atmos. Sci., 37, 1099, 1980.
to measurements.tCmeasuremns. oftGies, H. P. F.. S. T. Gibson, D. G. McCoy, A. J.

Calculations of the solar spectrum transmitted Blake and B. R. Levls, Experimentally
to any altitude in the atnospher are complex in determined oscillator strengths and linewidths
the region of the Schuaann-Runge bands and are for the Schumann Rungs band system of molecular

usually made by computing the absorption due to foryge Shmn The (7-0 sto ( f bandslar
oxygen, III. The (7-0) to (19-0) bands, J. '

every spectral line in the system [e.g., Blake, Quant. Spectrosc. Radiat. Transfer, 26, 469,
1979; Kockarta, 1976; Frederick and Hudson, 1981.
1980]. Continuum absorption in the region must Herzberg, C., Spectra of Diatomic Molecules, Van
also be accounted for, and the curves of Figure 3 Nostrand, New York, 1950.
provide adequate dot& for the detailed otadNeYrk190
calculation of absorption in the Schtmann-Runge Hudson, R. D., V. L. Carter, and J. A. Stein, An

calcuatioumn ofabspt i ntheion forany de I investigation of the effect of temperature on
continuum in that wavelength region for any model the Schumann-Runge absorption continuum of
atmosphere. An algorithm that reproduces the oxygen, 1580 - 1950A, J. Geophys. Res., 71,

cross-section at any temperature can be obtained 2295, 1966.
from the authors. Hudson, R. D., and S. H. Mahle, Photodiscussion

The Schumann-Runge continum is of particular rates of molecular oxygen in the mesosphere and
significance for atmospheric photochemistry lower thermosphere, J. Geophys. Res., 77, 2902,
because It results In dissociation with one atom 1972.
in the lD state. In the region discussed In this 1 .
paper the continuum component of the total cross- armain, W. R., and R. . I Bicholls, A theore-

section also corresponds to 0( D) formation, and dissociation continuum, Proc. Ay. SBc.,8 o,
the continuum strength could be measured directly 417, 1964.

in an experiment of the type conducted by Lee etel.[197],Kockarts, G. , Absorption and photodissociation
in the Schumann-Runge bands of molecular oxygen

in the terrestrial atmosphere, Planet Space
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Abstract-Experimenal oscilialor stiengths and predissociation lineid hs hdae been derived from equivalen
waidth measurements at room temperature for the (11-0) to (15-0) Schumann-Runge bands of molecular
oxygen, and at low temperature for the (15-0) to (19-0) bands, using the Adelaide 6 m vacuum ultraviolet
monochromator operated at a resolution of 0.006 nm. Photometric methods were used to measure the
ultraviolet absorption for 40 groups of rotational lines, and the resulting data were interpreted using a curve of
growth type of analysis to give oscillator strengths and pre-dissociation linewidtns. The variation of the
oscillator strengths with N' within each band was found to agree well with the theoretical predictions of
Allison. htle the mean band oscillalor strengihs derived from the results are in good agreement -Aith previous
measurements. The results demonstrate the need for accurate data ;bout multiple[ line splitir.s. A revised
analysis of previous data for the (7-0) to (14-) bands is also presented

INTRODUCTION

The absorption of ultraviolet light in the Schumann-Runge band system of molecular oxygen
(B' 1X.-X'V_) has been studied extensively. Oscillator strengths of the various bands have been
measured optically and can also be inferred from electron impacl studies. These results were
discussed full) by Lewis el at. who presented new photoelectrically determined oscillator
strengths for the (rC-0) bands with v'= 6- 14' and v'= 2-5. Their high resolution work
includes the first experimental measurements of the sarialion of band oscillator strength with
N". Pre'.ious theoretical A, ork by Allison' had predicted this rotational variation, which has
significance in the atmospheric absorption problem, as noted by Fang ef at.'

The broadening of rotational lines in the Schumann-Runge bands due to predissociation of
the B5E; state has been obser.ed by several experimenters. Theoretical discussions of the
broadening have been compared with the measured linewidths by Lewis et al.' A modification
of the predissociation model of Julienne' fits the data extremely well. Frederick and Hudson'
ha.e reported .alues of the ltne, idth for individual rotational lines which vary significantly
within a band. Lewis et al" after careful statistical analysis of their data, conclude that any
%ariation of lineidth Ailthin a band must be considerably smaller than that reported by
Frederick and Hudson

This paper, a continuation of the work reported by Lewis el al., presents high resolution
photoelectric oscillator strength and predissociation linewidth measurements for a selection of
lines in the (1 -0) to (18-0) Schumann-Runge bands of molecular oxygen, and new measure-
ments in the bands (11-0) to (14-0)

EXPERIMENTA METHOD

A schematic d'agram of the experimental apparatus A lh a I cm absorption cell that can be
cooled to los, temperatures i gi en is Fig I The experimental method has been described in
detail esleshere' Background continuum radiation (175-2( nm) provided by a lhyratron
triggered h)drogen discharge v.as dispersed by the Adelaide 6 m monochromalor and monitored
by a gated photomultiplier detection s.stem before entering and after leaxing the vindowed
absorption cell T pical experimental uavelenglh re'solution sAas 0006nm The pressure of

2-.
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Fig. 1. A schematic diapgam of the experimental arrangement, showing the double-walled absorption cell.
which was cooled with a cryogenic liquid. The length of the absorption path is determined by a spacer.

which separate& the lithium fluoride windows.

oxygen in the absorption cell was servo-controlled and ranged from I to 300torr for the lines
studied in this work.

In normal operation, after the absorption line of interest had been located, wavelength scans
were performed both with the cell evacuated, and with the cell filled to a suitable pressure with
oxygen. Measurements were normally made at two widely differing pressures in order to allow
the determination of both oscillator strength and linewidth.' However, some line groups,
containing a miy of strong lines from neighbouring bands, were measured at several pressures,
so that the contributions of these interfering lines could be more accurately evaluated.

The spectrum of the Schumann-Runge bands for v'> 14 is made complicated by pertur-
bations and crowding of the lines. When making measurements of lines with N'< 13. spectrum
complexity was reduced by cooling the absorption cell (T -90 K), thus reducing the strengths
of many lines of higher rotational quantum number from higher bands allowing individual
groups of lines to be accurately measured. To measure a variation of oscillator strength with
rotational number, lines of higher N' must be measured. High rotational number lines were
selected at positions in neighbouring bands where the lines happened to fall clear of inter-
ference and the measurements were made at room temperature.

ANALYSIS OF DATA

The rotational absorption lines in the Schumann-Runge system exhibit a combination of
both Doppler and Lorentz lineshapes. corresponding to thermal and predissociation broadening
processes. A mixing parameter a. which is the ratio of Lorentz to Doppler widths is used to
characterise the line. From measurements of the line equivalent width at different pressures.
both a and another dimensionless quantity P'X (Penner')t can be found from a synthesised
curve of growth.' The band oscillator strength f(N', r) obtained from measurement of a line
'ith rotational number N' and centre at wavelength A0(nm) is':

(N', r') = 1.77 X l0-'TP'X(PAoaS) (I)

where T(K) is the temperature of the absorbing gas, P(torr) is the gas pressure. (cm) is the
absorbing path length, a is the weighted Boltzmann factor for the ground state rotational level
giving rise to the line of interest, and S is the correctly normalised H6nl-London factor for the
line. Theoretical calculation of f(N'. C') involves evaluation of the integral:

~~~~f ,, ,.rg r ,., dr (2)

P is the true atsorption coef€icient at the centre of the equialent Doppler line. and A is a mea'ure of aNsrt' ri path

23
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%%here 0,,- and U,, , are the initial and final state vibrational wavefunctions, R, is the electronic
transition moment and r is the internuclear distance. If the integrand were independent of
rotation, then the value obtained for the band oscillator strength would be the same for all lines
in the band. However, the presence of the centrifugal term in the potential for a rotating
molecule leads to rotationally dependent wavefunctions in Eq. (2). The f(N", ') will in general
have a rotational dependence which will be seen when Eq. (1) is applied to experimental
absorption data.

In this work, initial line centre wavelengths were taken from Brix and Herzberg' and
Ackerman and Biaum ,"' and weighted Boltzmann factors a were calculated from the X'18
energy levels of Veseth and Lofthus. : Intermediate case (a-b) coupling H6nIl-London factors
'Acre necessary for the lines nearer the band heads for the bands with ' ; 15, otherwise case
(b) H6nl-London factors vere adequate. For the higher bands the separation of the P and R
branches increases rapidly with N', and this allowed isolated P or R branch triplets to be

_ measured. In a few cases individual triplet components could be examined. At the same time,
hoskever, the higher bands increasingly tend to run together, and interference by strong lines
from neighbouring bands is pronounced. All absorption processes which make any significant
contribution over the wavelength range associated with an experimental scan must be taken
into account in the construction of a curve of growth. Absorption may be due to neighbouring
lines or to underlying continua. The single line analysis technique remains valid as long as the
single line wavelength dependent absorption coefficient is replaced by the sum of the absorption
coefficients for all the sicnificant lines of interest in the scanned region.' Hence a knowledge of
precise line positions and relative strengths is required for an accurate curve of growth to be
constructed. Weak lines %k ithin the scan range were taken into account by explicitly adding

*' these lines to the absorption model, and the contributions of strong lines outside the scan range
%%ere included by calculating an effective cross-section oser the scan range. These strong lines
contribute significantly to the absorption because of the Lorentz component of their wings, but
uncertainty in the assumed parameters results in only second order errors in the synthesised

- equivalent width. In calculating the equivalent width the avelengths of the lines making a
major contribution were taken from Brix and Herzberg' and Ackerman and Biaum."
Wa'elengths of all other lines were calculated from the spectroscopic constants gisen by
Bergeman and Wofsy." and their line, idths were taken from Hudson and Mahle "

In the region of the higher bands a temperature dependent Schumann-Runge continuum.
corresponding to population of the rotational levels of the X'1- state, underlies the absorption
lines. Absorption coefficients %ere measured at numerous positions betseen rotational lines.

.- .- shere other contributions %ere small, and a model fitted to ther results." This model %.as then
used to give \alues of absorption coefficient for the continuum.

All the above factors ere combined into a computer programme, which generated the
_ values of the oscillator strength and predissociation linewidth for a reference line ir the group

of lines shich ,,as scanned. b\ a conergenl iterative process using approximate initial salues.
The programme also produced a convolution of the instrumental profile and the theoretical
absorption profile for comparison with the experimental output data. When the calculated and
measured absorption profiles \Acre in agreement for all pressures, the anal),sis Aas assumed to
be reliable

The higher bands contain perturbed lines, only a fewk of which hae been tentati\ely
identified b Brix and Herzberg."0 Because these lines are of undefined strength, or because
some weak lines may not have been measured, the synthesised equivalent saidth may be
unreliable Agreement betleen the s nthesised and experimentally obsersed absorption profiles

",as used as an indication that the error introduced by unidentified lines was small
In bands higher than WI15-0) the line positions calculated using the molecular constants Ucre

oftern in error because of perturbations t . and agreement between the synthesised and esperi-
nenial absorption profiles \as in some cases improved by making adjustments to the
", a\ elengths of major lines for A hich no measured waelength %k as available.

In man% cases the A a\eeng:hs of individual triplet components base not been obsersed, so
thia: he spaling of the'e lines is urknown. The equis alent A ,dih for a pair of lines is imensiti e

0 these 0 r,," . . .- -. - .

,'-, ,N~ik~r s, 'k ', ,.,,,  : ". .• •. .-,...- . .•. -. . . - -' • - ."w.: " "" " "'" " ' """ " " "" " " "' "" "'" " ,; "," " -
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Fit 2. A comparison of te observed triplet splittings of Brix and Herzberg"0 and Yoshino it of." isith the
tiplet splitings calculated from the molecular constants of Bergeman and Wofsy". as a function of
rotational number K"'. The lineiiidtli for the (14-0) band rotational lines is approximately 0.7 x l 1-nm (ful

%idth at half maximum).

to the line separation either when the separation is very small or very large compared with the
'p linewidth. but for intermediate cases, the equivalent width is very sensitive to these parameters.

This critical dependence on triplet splitting arises in the (13-0) and (14-0) bands. Brix and

Herzberg'* were unable to give triplet splittings for lines with N'-9 in these bands.
Calculations using the spectroscopic constants of Bergeman and Wofsy" give splittings of
order of 0.001-0.002 nm. compared with the linewidths of about 0.0007 nm. Since the reliability
of these calculated splittings was unknown, previous resultst were analysed on the assumption
that the P_-)' and Rr-R, splittings were zero. New, but preliminary, measurements of the
(14-0) band by Yoshino et at." resolved some of these lines and they report splittings,
significantly smaller than those calculated with the spectroscopic constants. Use of these data
had the effect of decreasing the derived oscillator strengths for lines with low hr., whie those

for large W" remained unchanged. The line splitting data for the (14-0) band is summarised in
Fig. 2.

RESULTS

(i) Oicilla'or strengths
The measured values of P and R branch oscillator strengths are presented in Table 1. In all

* except a few cases P and R branch lines were measured independently. For those cases where

unresolved P(N'1 R(N'+ 2) groups were studied. the analysis was made using the ratio of the
P and R branch oscillator strengths calculated by Allison.' There is good agreement between
the calculated PIR oscillator strength ratio and the measured value when independent
measurements could be made. 25

W~ 2 
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Table 1. Rand oscillator strengths f(N'. ') for the (7-0) to (19-0) bands: (a) P-branch, (b) R-branch. The
bracketed values in Table I(b) are calculated from measured P-branch oscillator strengths using the ratio

* of strengths RP. Values for the bands (7-0) to (10-0) were obtained by correcting previous data. Isolated
line measurements for the (20-0) and (21-0) an also included. Values marked are also adopted as mean

band oscilator strengths.
(a)

,' + rv' 8 gIo 22 22 23

3 0.342 ± 0:017 0.707 s 0.037 1.06 1 0.06 1.40 2 0.10

5 0.385 1 0.020 0.714 1 0.039 1.17 2 0.09 1.42 1 0.10 2.20 t 0.09 2.30 21O 2.91 0.11

7 0.405 1 0.025 0.681 2 0.037 1.25 ! 0.II 1.) 2 0.09 2.31 2 0.09 2.97 2 0.12 2.81 0 0.14

9 0.389 2 0.019 0.735 2 0.0)6 1.19 2 0.07 1.38 2 0.08 2.27 : 0.09 2.84 0.12 2.62 0 O.14

11 0.388 ! 0.021 0.677 2 0.04 1.08 t 0.07 1.68 1 0.09 2.36 ± 0.09 2.74 1 0.12 2.89 1 0.10

03 0.339 2 0.022 0.683 2 0.062 1.10 1 0.07 1.6 1 0.13 2.43 1 0.10 2.70 1 0.12 2.96 2 0.40

15 0.335 z 0.023 0.690 : 0.042 1.13 - 0.05 1.55 1 0.11 1.94 1 0.08 2.61 1 0.10 2.86 1 0.10

17 0.353 2 0.023 0.650 z 0.035 1.06 1 0.08 1.55 2 0.10 2.18 2 0.08 2.621 0.11

,9 0.36k 1 0.017 0.660 2 0.028 1.07 2 0.05 1.6.5 1 0.10 2.10 ! 0.09

21 0.300 ! 0.016 0.613 t 0.031 0."5 2 0.05 1.43 1 0.08

23 0.302 t 0.019 0.556 t 0.026 1.69 t 0.12

25 0.291 ! 0.013 1.63 2 0.0 2.00 1 0.0 2.30 1 0.25

27

31 0.73 2 0.04

6 V 5 6 17 18 19

3 2.4 1 O.25 2.781 0 .. 16 2.75 0 0.10

S 3.48 10.60 2.87 2 0.13 2.86 2 0.13 2.9 1 0.10 1." t 0.10 1.43 1 O.S

7 3.25 1 0.5 .14 t 0.15 P .,3 1 0.%% 2.71 1 0.17 2.22 1 0.10 1.60 1 0.09

9 3.30 1 0.23 3.10 2 0.22 2.92 2 0.20 2.74 1 0.22

2I 3.31 2 0.20 2.67 : 0.09 2.78 ! 0.1k

13 3.32 1 0.)0 3.23 1 0.22 2.33 : 0.15

is 3.02 ! 0.27 2.28 2 0.05 2.62 1 0.20

1 ?1 1.73 1 0.08

19 2.40 2 0.13 2.57 2 0.14

22 2.41 2 0.40 2.19 2 0.05

is 2.26 2 0.20

27 2.33 1 0.19
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(b)T a k I ( C A",, '2

M=

. 1 3 3J 10 II 12 13

3

S (0.337 t 0.017) (0.696 a 0.037) (1.05 t 0.06) (1.38 1 0.10)

7 (0.376 1 0.020) (0.637 * 0.033) (1.14 2 0.08) (1.39 2 0.10) 2.85 2 0.12 2.81 ! 0.14

9 (0.393 1 0.025) (0.60 t 0.037) (1.21 t 0.10) 1.43 t 0.09 1.93 2 0.05 2.70 - 0.03 2.73 : 0.16

11 (0.374 1 0.019) (0.707 2 0.036) (1.14 1 0.07) 1.62 1 0.11 2.06 : 0.08 2.54 t 0.10 2.70 ! 0.10

13 (0.371 1 0.021) (0.647 1 0.04.4) 1.04 2 0.03 1.51 1 0.12 2.20 0.10 2.51 : 0.10 3.00 : 0.40

Is (0.321 1 0.022) (0.647 2 0.041) 1.01 2 0.06 1.2 q 0.10 2.08 0.08 2.78 ! 0.12 3.00 : 0.35

17 (0.315 0.023) (0.649 1 0.042) 1.23 1 0.08 1.25 1 0.10 1.8 0.07 2.53 : 0.11 2.56 : 0.20

19 (0.330 0.023) (0.607 a 0.035) 0.91 1 0.06 1.43 2 0.08 1.94 2 0.08 2.67 ! 0.11

21 (0.337 0.017) 0.560 0.036 1.02 2 0.06 1.31 ! 0.07 1.62 2 0.08

23 (0.276 1 0.016) 0.620 0.043 0.33 2 0.07

25 (0.275 2 0.013) 0.517 2 0.34 0.78 ! 0.04 2.02 ! 0.07 2.14- 0.14

27 (0.263 t 0.013)

23 0.73 2 0.04

14 is 16 17 Is 15 20 21

I 1.38 ! 0.40

3 2.21 2 0.25 1.52 : 0.30 0.93 ! 0.20

5 3.31 2 0.23 2.98 : 0.12 2.73 t 0.11 2.03 2 0.25 1.32 ! 0.20

7 3.18 0.15 2.83 t 0.16 2.18 r O.Iq 2.33 t 0.03 1.63 - 0.10 1.53 ! 0.08

9 3.7
,
. 0.20 3.00 0.12 2.73 0 3.12 2.31 : 0.20 0.73 0.03

II 3.23 0.13 3.14 0.12 2.62 0.13

13 .63 ± 0.30 3.35 0.20

15 3.20 0.22 2.33 a 0.11 2.34 2 0.16

17 2.19 0.06

19 2.10 2 0.08

21 2.71 0.25 2.25 1 0.16

23

q is

21 2.34 0.22

S12

27
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New measurements of oscillator strengths for the (I l-0) to (14-0) bands made in the present
work showed discrepancies with values previously reported' which were made with a different
apparatus. The discrepancies which remained after differences in the assumptions about line
splittings had been taken into account were found to be due to an unexpected pressure
gradient in the apparatus previously used, which particularly affected the measurement of low
pressures. Careful recalibration allowed a reanalysis of the previous data, and the oscillator
strengths and linewidths obtained are in good agreement with those obtained from the new
measurements.

Figures 3 and 4 show a comparison of the experimentally measured oscillator strengths for
the ( 1-0) and (15-0) bands with those predicted by Allison? Except for lines near the band origin,
the band oscillator strengths calculated by Allison can be represented by an expression of the form:

f (N, v ) = lo~vj- P(v,')N'(N + 1) (3)

where fo is the band oscillator strength for no rotation and P gives the rotational dependence.
Evaluation of the integral in Eq. (2) using wavefunctions obtained from the potential for a
rotating molecule made during the present work support the form of this rotational dependence.

'V 1 111-0) BAND

2. Ths work

S;d ....1~,

S 200 30 00 500 600_~pi to,, I I

Fig 3. The band oscillator strength f(N. r') vs N'(N ° + 1) for the (I1-.) band P-branch. The dashed line is
the theoretical prediction of Allison'.

(15-0) BAND
4.. I I. Th.. .9k

-30 }

Fit 4 The Nd osc-llaor strngth i -*) s (N ' - O[or the (15-0) band R-branch. compared %,ith

the predictions of Allison' (dashed line).
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Values of /o and p for the bands (5-0) to (17-0) have been calculated by least squares fitting of
Eq. (3) to the experimental results of Table I. These values, together with those obtained from
the calculations of Allison, are presented in Table 2. The results are in good agreement, and
confirm the general tendency for P to increase with increasing r'. This can be seen in Fig. 5,
where P vf(') is plotted as a function of v'. It would appear from these results that the
centrifugal term in the potential, the parameters of which are fixed by the molecular constants,
adequately accounts for the rotational dependence of the band oscillator strength.

The present band oscillator strengths obtained from individual lines can be compared with
band strengths obtained by previous workers who used a low resolution technique to measure
band absorption provided that explicit account is taken of the temperature dependence of those
measurements. Their results represent a weighted mean of the band oscillator strengths
obtained from individual rotational lines. By weighting each f(N', v') with the appropriate
Boltzmann factor this mean band oscillator strength can be calculated for any temperature.
Table 3 and Fig. 6 present mean band oscillator strengths obtained from the data in Table I for
a temperature of 300K for comparison with the results of Ditchburn and Heddle," Bethke,"
Hudson and Mahle," Heubner " and Frederick and Hudson' which extend as far as the (17-0)
band, and with the theoretical predictions of Allison.'

Ths o, P BRANCH
- AllSn/ -

BT

7

~!
311

0 2 . 6 a ID 12 X. 1 Is 2

VIBRATIOIAL NUP1EII a

R BRANCH 1
STh's r

- Ali -o.n

II

2

VS A7 ONAL WJWGEC

(b)

Fig 1 The rate of chanme of oscllator strenit maith rotton i py/' I a a function of hit i-rul)
numnter r'. The line reptesnts ihe iheoretical predKicions of Arlmon" la) P t'ranzh 1M R -'n:h
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TjhiS work

•Bethkt 
1

V AlIlison

• Hudson and MoNt.

Frederick and Hudson
6

it
Huebner of aI

.7,'i to"j i *

2

VIBRAT IONAL NUMBER V"

Fi. 6. A comparison of the mean band oscillator strenths of this work with those of pre.ious
experimenters, and the theoretical values of Allison3.

(ii) Predissociation linewidths
Predissociation linewidths were obtained for all lines for which oscillator strengths are given

in Table 1. The predissociation linewidths for individual rotational lines for the (8-0) to (18-0)
bands, were measured. There is no statistically significant variation of line width within any of
the bands, in agreement with the conclusions of Lewis et a. Average linewidths for each band
are presented in Table 4 and Fig. 7 for comparison with previously published results.""'

Theoretically calculated linewidths from the work of Julienne and Krauss2' and Julienne' show

"* . . ... one &Io,e

- £I" : - hr, h(@ 10 l 
1

* T

VISRATICA. N JWSER V

Fig 7 A companson of the mean predissociation line* idth l' 1 (full Width at half maximum) for each band
obtained in thn sork with the results of pretious expmrnmenlers.
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significant departures from the present results. Values obtained by adjusting the parameters of
the model used by Julienne shown In Fig. 7 are in good agreement. Also shown in Fig. 7 arc
linesxidths obtained from calculations~' of Franck-Condon factors for predissociation made
using an idependent model for the potential curves. The measured widths were fitted by
treating the electronic matrix element, the positions of the repulsive potential curves and their
slopes as parameters. No previous measurements have been reported for the linewidths of
bands higher than (16-0).

CONCLUSIONS

The present work completes a detailed study of the Schumann-Runge bands between (2-0)
and (19-0). Comparisons of the variation of the band oscillator strength with rotational number,
and of the linewidth with vibrational number, with recent theoretical work, indicate that the

absorption processes are well understood, and that these results can be used to accurately
- r model the atmospheric absorption of solar radiation.Further study of the bands with v' < 2 and v'> 18 is needed, and each region presents

particular difficulties. The lower bands are very weak and the lines are predominantly Doppler
broadened so that the presence of predissociation cannot be inferred from observations of the
lineshape. T he higher bands feature crowding of the lines and strong perturbations which make
interpretation of the absorption data difficult.

.4ckno-ledgerneni-This A~ork was suppocrted by grants from the Australian Research Grants Committee and the U.S
Airforce Office of Scientific Research The authors %Lould also like to thank F. A. Smith for his valuable assistance during
the course of this A ork
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TRA.NSMSTTANCE OF THE ATMOSPHERE IN THE (8-0) AND (9-0) SCHUIANN-RUNGE BA',DS OF OXYGEN

S. T. Gibson, H. P. F. Cleo, A. J. Blake, and D. G. McCoy

Department of Physics, University of Adelaide,
Adelaide, South Australia 5000, Australia

Abstract. Dissociation rate constants fat discrepancies between the various measurements of

absorption by atmospheric oxygen in the Schumann- the band oscillator strengths, and not all models
*. Runge bands are usually calculated by making line have included the rotational dependence of these

by line calculations of the absorption cross quantities [Gies et al., 1981] . Another
section. The accuracy of the cross sections used uncertainty in the higher bands arises fro: the
in these calculations needs to be tested against presence of perturbations and unidentified lines
experimental data. A transmittance spectrum in the band system [Gies et al., 1981].

computed by using a detailed model cross section Tests of the accuracy of the cross section can
is co..pared with a spectrum recorded in the be made by performing a convolution of the
atmosphere and another recorded in the computed transmittance spectrum with the
laboratory. It Is concluded that details of the instrumental profile to synthesise the result of

. atmospheric absorption spectrum can be reproduced any experimental measurement [Blake, 1979].
% %." with excellent accuracy by the computed cross Solar spectra transmitted by the atmosFhere to

, section. various altitudes have been recorded from rockets
Introduction and balloons [Longmire et al., 1979; Frederick et

al.,1981; Hall, 1981] . Tiese spectra provide an

Abso-'ption of solar ultraviolet radiation by excellent test of the cross sections used in

oxygen in the region of the predissociated aeronomic calculations.

Schu=ann-Runge bands is an important source of Frederick et al. [1981] reported s ich a

ato-c oxygen in the stratosphere and lower comparison with their measure-nts of at-ospherlc
thermosphere [Hudson and Carter, 1969], but transmittAnce in the region of the love r
precise calculations of the solar spectrum Schv=Lann-Runge bands that were made frc a
trans-itted to any altitude are made difficult by balloon at altitudes up to 39 km w- th a

the complexity of the band system. Dissociation resolution of 0.3 om. The purpose of this aper

rate constants for this spectral region are is to demonstrate the detailed accuracy of a

obtained by calculating the transmittance model cross section by comparison of the

spectrum -i t h a detailed model of the cross calculated atmospheric transmittance w-it h a
section that takes account of the profile of measurement of the spectrum at 85 k- by

every absorption line and all continuum Long"ire et al. [1979] using a rocket-borne

absorption processes [Acker.an et al., 1970; spectrograph with a wavelength resolution (F-.-)

Yang et al., 1974; Kockarts, 1976; Blake, of 0.012 n=. The value of such a comparison has

1979; Frederick and Hudson, 1980] . Temperature been pointed out by Kockarts [1981].

effects in the cross section are important and
they can be included explicitly in the Calculations of the Transmittance
calculations [Ackerman et al., 1970; Kockarts,
1971, 1976; and Blake, 1979]. The model for the absorption cross section in

The cross sections that have been developed the Schumann-Runge hands used to calculate the
for this purpose are based on data for transmittance spectrum was similar to the one
fundamental molecular parameters. Wavelengths reported by Blake [1979]. The line pcsiticns

for the absorption lines can be calculated from were calculated by using data for molecular
the values for the vibrational energies, the constants and in the spectral region concerned
rotational constants and the miltiplet splitting here the calculated positions agree with these
constants. Experimentally determined line obtained from spectroscopic measurements to an
positions can be used in many cases. Line accuracy better than 0.001 nm. Line strengths
profiles are calculated by using data for the were obtained from the rotationally dependent

band oscillator strengths with the appropriate band oscillator strength data of Gies et al.
Bonl-Loadon factors and data for the pie- [1981] and intermediate coupling Honl-London
dissociation line widths. Various se lempirical factors. Each line was assumed to have a Voigt
models have been used by different authors for profile and the predissociation linewidths of
the underlying Schumann-Runge and H8rzberg Gies et al. [1981] were used in cocputing the
ccntinua. profile. The cross section was computed at

The accuracy of the eodel cross sections is intervals of 0.002 nm. At each wavelength the
limited by the errors In the laboratory data that contributions from all absorption lines w-it h
are used. There are, for example, significant centers within 200 cm - 1 of that -avelength were

sum=e,1. Absorption in the Ferzberg contir.u=1- -as

Now at The Australian Radiation Laboratory, calculated with the model used by Blake 19791

'" llabie, Victoria 3085, Australia. and the model for the Schuarn-Runge c -tinL=
for the region of the higher bands developed b.

Copyright 1983 by the American Geophysical Union. Gies et al. [1982] was used.
Calculations of the transmittance sFez:. :- a:

Paper number 2A1609. 85 k= were made by approxiMsting the at.'s-ere
Oi46-0227/83/002A-1609$02.00 above 85 km to a single Isotherm-al iaer a-
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.. Fig. 1. (a) Apparent trrnstnittance of the atmosphere at 85 kmn along a line v.tth zenith.:n

-. a-gle 53.6, reproduced from Figure 1 at Longz.Ire et al. E1979]; (b) and (c) are tranamitalnce ..

-. spectra in the (8-0) And (9-0) Schiann-Runge bands of oxygen calculated from a model .'
ojeodton sriena.bnidho 0.1 . an an oge coiz dest of 20absorption cross section and measured in the laboratory, respectively. Both (b) and (c) ,

*' co:.-.ting the cross section for the appropriate conditions which simulate those in the atoiosphere

*: te.4erature. A single layer is adequate at this above 85 kma. The measurements ere made by using

- altitude because the atospherc teperature does a 6.7-u vacuim monochromtor ith slit widths

.- not change significantly for tore than a ecale adjusted to give a wavelength resolution of 0.012

height above 85 km. The calculations were made am the sam, as that of the spectrograph used by

for a solar zenith angle of 54., corresponding to Longuire et al. Azn absorption cell with a length"

-the conditions under hch the apectrti of of 1 cm as cooled by using a cryogenic liquid
Longuilre et a1.[1 9 79] was recorded. [Cies et al., 1981] aod the transmilttance '

"Comunted t ransmittlance spectra for several spectrum wams recorded for several different
Sdifferent values of temperature nd vertical values of the sample gs pressure and

-. col -- density wre convoluted with a Gussan temerature.-
-. profile with a width at half height of 0.012 am .

*to obtain spectra that could be comared directly Discussion ,.

wi th the stmospheric spect ru. The spectru Threouinoftesetu o ogie
I reported by Longm.ire et al. and a computed al. isohion oug to atly eo lvnee tet

spectru.= in the region of the (8-0) and (9-0) •. I ih eog o prl eov h £

""basns are shown in igures a and lb rotational structure of the (8-0) nd (9-0)
-. bands, and It thus provides a test of the ability "

* eecv of the odel cross section to reproduce this -

-. Lbratory Nesure, ents structure. It is particularly important that such

• a test should be mde because the distribution of P
* lao sho -, In Figure Ic, is a trans'mittance absorton rate with altitude depends strongly on

spectru= measured in the la. w~ratory under the fine structure of the cross section, rather

17 36 "
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